2010). Effects of urethane anaesthesia on sensory processing in the rat barrel cortex revealed by combined optical imaging and electrophysiology.
Spatiotemporal dynamics of neuronal assemblies evoked by sensory stimuli have not yet 3 been fully characterised, especially the extent to which they are modulated by prevailing 4 brain states. In order to examine this issue, we induced different levels of anaesthesia, 5 distinguished by specific electroencephalographic indices, and compared somatosensory-6 evoked potentials (SEPs) with VSDI responses in rat barrel cortex evoked by whisker 7 deflection. At deeper levels of anaesthesia, all responses were reduced in amplitude but, 8 surprisingly, only VSDI responses exhibited prolonged activation resulting in a delayed 9 return to baseline. Further analysis of the optical signal demonstrated that the reduction in 10 response amplitude was constant across the area of activation, resulting in a global down-11 scaling of the population response. The manner in which the optical signal relates to the 12 various neuronal generators that produce the SEP signal is also discussed. These data 13 provide information regarding the impact of anaesthetic agents on the brain and show the 14 value of combining spatial analyses from neuroimaging approaches with more traditional 15 electrophysiological techniques. 16 A wide range of brain functions including sensory processing, motor performance, 3 cognition and even sleep are now believed to be dependent on the transient activation of 4 groups of spatially-segregated neurons, 'neuronal assemblies' (Nicolelis et al., 1997; 5 Greenfield, 2000; Harris, 2005; Koch & Greenfield, 2007; Krueger et al., 2008; 6 Shirvalkar, 2009 ). The concept of neuronal assemblies, first advanced by Donald Hebb 7 (Hebb, 1949) , offers a means by which the firing patterns of neurons -or their sub-8 threshold correlates -can be correlated with behavioural functions 9 at a population level, thereby extending previous theories of information processing using 10 rate and/or temporal coding patterns (Lin et al., 2006) . The advent of imaging techniques 11 such as voltage-sensitive dye imaging (VSDI) (Shoham et al., 1999; Petersen et al., 2003; 12 Grinvald & Hildesheim, 2004; Ferezou et al., 2006; Wu et al., 2008; Chemla & Chavane, 13 in press) has provided experimental evidence to support the above theories and has led to 14 a new appreciation of the importance of spatial parameters of neuronal activity. The 15 subtle yet functionally distinct levels within general anaesthesia could be a valuable tool 16 to investigate assembly function, offering, as it does, a means by which levels of global 17 background activity can be modified to study the relationship between ongoing and 18 sensory-evoked activity. Although reports have suggested that spatiotemporal patterns of 19 neuron firing may underpin the action of general anaesthetics (Cariani, 2000; Greenfield, 20 2000; Buzsaki & Draguhn, 2004) , the influence that different levels of anaesthesia may 21 have on the spatiotemporal dynamics of sensory-evoked activity has yet to be evaluated 22 with VSDI. 23 The objective of the present study was to characterise state-dependent modulation of 2 sensory responses, produced by changing the level of anaesthesia, using VSDI as a 3 complement to somatosensory-evoked potential (SEP) recordings. Responses were 4 evoked in rat primary somatosensory (barrel) cortex by deflection of a single mystacial 5 whisker on the contralateral snout. The barrel cortex is well-suited to the current study as 6 a relatively circumscribed area of cortex can be stimulated, from which the spread of 7 activity can be clearly visualised and compared between conditions. Individual evoked 8 responses were categorised according to the pre-stimulus cortical state, measured using 9 electroencephalography (EEG), differences in which were produced by administering 10 supplemental doses of anaesthetic to produce discrete and clearly identifiable levels of 11 anaesthesia. 12 recording leads inserted subcutaneously behind each forelimb and connected to a custom-20 built ECG-processing unit. A craniotomy was performed over the primary somatosensory 21 cortex at the following approximate stereotaxic co-ordinates: anterior-posterior = 1-5 22 mm, medial-lateral = 4-8 mm. A single trepanne hole (~1 mm Ø) was drilled in the left 23 frontal bone into which a short loop-tipped silver wire electrode (0.2 mm Ø; Intracel, 24 F o r P e e r R e v i e w 6 Royston, UK) was inserted to act as a reference electrode. An imaging chamber 1 comprising a 3 mm section of a disposable 5 ml syringe (Becton-Dickinson; Oxford, UK) 2 was cemented in place around the craniotomy using dental cement (Duralay, Reliance 3 Dental; Worth, IL, USA). All whiskers on the left-hand side of the snout were trimmed apart from whisker C2. The 7 remaining whisker was stimulated 3 mm from its base by a 26G hypodermic needle 8 attached to a piezoelectric wafer (PL122.11, Physik Instrumente; Harpenden, UK). 9
Displacement of the wafer was produced by applying an electrical potential across it (10v 10 for 20ms) to give approximately 2 mm of movement in a caudal direction. Whiskers were 11 deflected for 1 s at 2 Hz and 10 Hz in a randomly interleaved pattern; trials were 12 separated by 60 s and a total of 144 trials were presented to each animal over a period of 13 4 hours. 14
15
Optical Imaging
16
The barrel cortex was stained with a styryl dye (Di-4-ANEPPS, Invitrogen; Paisley, UK) 17 at a concentration of 0.2mM through an intact dura. To the best of our knowledge, there 18 have been no reports of Di-4-ANEPPS staining having produced adverse effects (i.e. 19 pharmacological side effects or photodynamic damage) in neural tissue used for VSDI 20 studies. Nevertheless, we explored this possibility in our own preliminary investigations: 21 when compared to pre-staining baseline recordings, Di-4-ANEPPS at a concentration of 22 0.2 mM was found to produce no changes in either the amplitude or profile of SEPs after 23 an application time of 60 min. Furthermore, response profiles remained stable for over 4 24 imaging; data at start and end of imaging: SEP response amplitude = -5.38 mV versus -2 4.71 mV; VSDI response amplitude = 0.184% versus 0.202% (paired ttest, p = 0.38); 3 number of pixels activated above threshold = 4355 versus 5243 (paired ttest, p = 0.43); 4 heart rate = 485 versus 488 BPM (paired ttest, p = 0.76). These data also confirm the 5 physiological stability of the preparation used and the validity in using increasing depths 6 of anaesthesia rather than either randomly interleaved (which would be impossible with 7 the chosen anaesthetic due to its long duration of action) or one depth of anaesthesia per 8 animal (which would use an unnecessary number of animals and not be in accordance 9
with national guidelines to reduce animal usage (UK Home Office; Research and Testing 10 Using Animals; www.homeoffice.gov.uk/science-research/animal-testing; accessed 10 th 11 January 2010. National Centre for the Replacement, Refinement and Reduction of 12 Animals in Research; www.nc3rs.org.uk; accessed 10 th January 2010). During 13 acquisition, the cortex was illuminated with 530 ± 10 nm light and passed through a > 14 590 nm high-pass filter. A complementary metal oxide semiconductor imaging system 15 (BrainVision Ultima; Tokyo, Japan) with an array of 100x100 was used to detect emitted 16 light. In each stimulation trial, frames were recorded at 500 Hz for 2.3 s with a pre-17 stimulus period of 0.5 s. A brief initial imaging session (consisting of 5 stimulation trials) 18 was performed in order to locate the maximal site of activation, position the imaging 19 camera appropriately and aid in the positioning of the SEP recording electrode. 20
21

Electrophysiology
22
Electrophysiological recordings and optical imaging were performed concurrently. SEP 23 (and EEG) recordings were made with a single platinum-iridium electrode (25µm 24 original work of Guedel (Guedel, 1920) , with level I representing the awake state and 12 level IV anaesthesia marked by an isoelectric EEG. Level III is deemed appropriate for 13 surgery and is divided into 4 further sub-levels, each of which are identifiable by eye and 14 by assessing dominant spectral components; levels that were identified in the present 15 study were III-2, III-3 and III-4 (III-4 being the deepest level). Urethane anaesthesia 16 typically consists of episodes of different levels (Angel et al., 1976; Friedberg et al., 17 1999) , with one level able to give way to another without any intervention. As such, each 18 individual stimulation trial was categorised according to the spectral components of its 19 pre-stimulus EEG (a period of 5 s in duration). A fast Fourier transform was calculated 20 and the mean power frequency obtained. Mean power frequencies above 2.5 Hz were 21 reliably identified as level III-2 anaesthesia, referred to as 'light'; frequencies below 1 Hz 22
were reliably level III-4, referred to as 'deep', and all other frequencies categorised as III-23 3, referred to as 'moderate'. 24 Noise in the imaging data produced by cardiovascular pulsations was not removed by 3 triggering data acquisition from ECG waveforms and subtracting images obtained from 4 null stimulus trials, as is customary in many VSDI analyses (Petersen et al., 2003) , but by 5 using an algorithm based on that previously reported by Jian-Young Wu and colleagues 6 (Lippert et al., 2007) . Briefly, the ECG was recorded simultaneously with each imaging 7 acquisition and an "average pulsation artefact" generated on a pixel-by-pixel basis 8 centred on the ECG 'R' wave. Pulsation noise was then removed from the imaging signal 9 by subtracting the artefact template; there was no deterioration in the imaging signal as 10 demonstrated by spectral analyses which showed only the heart-rate frequency was 11 affected Lippert et al., 2007) . The advantage of removing 12 cardiovascular noise in this manner is a reduction in light exposure due to a 50% 13 reduction in the number of trials which are necessary to obtain response data for a given 14 stimulus presentations. This reduces the overall risk of photodynamic damage and 15 bleaching. 16 17 Both SEP and imaging trials were separated on the basis of network state, based on the 18 mean power frequency of the pre-stimulus EEG (described above). SEP data was then 19 band-pass filtered between 1-250 Hz; imaging data was high-pass filtered above 1 Hz and 20 a Gaussian spatial filter applied to the imaging data (15x15; sigma = 2). Temporal 21 information was extracted from the imaging data by using a circular region-of-interest 22 (ROI) centred on the pixel with maximum activation. This ROI was entirely contained 23 within the C2 barrel (shown by post-mortem histological analysis). Temporal data 24 For each component in both data sets, the maximum amplitude and latency-to-peak were 11 obtained. SEP response components alternate between positive and negative; hence, for 12 all but the first component, response amplitudes were calculated from the amplitude of 13 the previous waveform, i.e. amplitude represents the vertical distance between adjacent 14 components. Maximum amplitudes in the SEP data were obtained within the following 15 time windows: 0-20 ms, 10-25 ms, 20-50 ms, 40-100 ms. VSDI response components 16 were all calculated from zero. Maximum VSDI amplitudes were obtained within 0-40 ms 17 (positive) and 50-300 ms (negative; 50-100 ms for the negative response evoked at high-18 frequency due to the interval between successive 10 Hz stimuli). 19 20 An overall measure of the 'size' of the spatial response was obtained by calculating the 21 number of pixels activated above a pre-defined threshold (20% of the maximum response 22
that was elicited in that animal across all three levels of anaesthesia) while the three-23 One animal from the study was used to compare spatial responses with the underlying 8 cortical anatomy, i.e. layer IV barrels. After the experiment, animals were sacrificed by 9 an overdose of Pentobarbitone (Pentoject, Animalcare Ltd.; York, UK) and perfused 10 transcardially with saline. The brain was removed and immersed in 4% paraformaldehyde 11 for three days at which time the right barrel cortex was dissected from underlying 12 structures. The cortex was then lightly pressed for 24 hours before 100 µm thick 13 tangential slices were removed using a vibratome (VT1000S, Leica Microsystems; 14 Milton Keynes, UK). To visualise the relative distribution of cytochrome oxidase activity 15 and reveal the layer IV barrels (Land & Simons, 1985) , the slices were incubated for ~8 16 hours at 37ºC in 0.1M sodium phosphate buffer solution containing 0.2 mg/ml 17 cytochrome C, 0.67 mg/ml diaminobenzidine and 27 µg/ml sucrose. Slices were then 18 mounted onto gelatin-coated slides, dehydrated and cover-slips attached using Entellan. 19
Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich (Poole, UK). A 20 warping algorithm originally devised by John Mayhew and colleagues (Zheng et al., 21 2001 ) was used to match histology and VSDI images together. Using corresponding 22 points within each image, normally the penetration marks of large blood vessels that are 23 to note that all anaesthetic levels belong to the category of 'surgical anaesthesia', i.e. 5 characterised by a level of sedation and analgesia suitable for the performance of invasive 6 surgical procedures (Guedel, 1920; Friedberg et al., 1999) . Supplementary injections of 7 urethane were administered throughout the day in order to produce the range of levels 8
shown (figure 1A-C). Typically, 20% of the original dose produced shifts from light to 9 moderate anaesthesia or from moderate to deep anaesthesia. Urethane anaesthesia is 10 known to occasionally drift between individual levels, therefore the particular level in 11 which each stimulus was presented was characterised off-line following the experiment, 12
using the pre-stimulus EEG. All three levels were obtained from all animals used in the 13 study and, within each animal, an equal number of trials was averaged and analysed from 14 The maximum area of cortical activation, calculated as the number of pixels above a pre-9 determined threshold, was reached ~2-4 ms after the time at which the optical signal 10 reached its peak at the centre of the stimulated barrel. Figure 6A 5D-F) that the initial depolarisation was of a much greater magnitude, although a shorter 13 duration, than the later hyperpolarisation. Nevertheless, examination of the spatial spread 14 of the optical signal indicates that, although of a small magnitude, the hyperpolarisation is 15 almost as extensive in space throughout its long duration as the initial depolarisation 16 phase ( figure 7A ). There were no observed differences in the number of pixels 17 undergoing depolarisation or hyperpolarisation in response to high-frequency stimulation 18 during the different levels of anaesthesia. This was due to the weakness in the evoked 19 signal at this stimulation frequency that resulted in a poor signal-to-noise ratio across the 20 captured image. The above analysis does not address whether the internal dynamics of the assembly, the 1 net size or response shape, has changed. To resolve this question, the pixel with maximal 2 activation within the first 12 ms of the stand-alone response was located in each animal, 3 bisected in vertical and horizontal dimensions and averaged ( figure 8C ). This provided an 4 outline of the shape of the assembly (from centre to periphery) obtained during each level 5 of anaesthesia. Figure 8C illustrates the differences between the activity in light, 6 moderate and deep anaesthesia; there were no differences found between the shape of the 7 evoked response in the different levels of anaesthesia during this depolarisation phase of 8 the response (that is, there was no difference between the curves when amplitude was 9 taken into account). We were unable to assess the shape of the activation during the 10 hyperpolarisation phase as it was largely abolished by deep anaesthesia (see figures 4D 11 and 6) . Figure 8A Barth, 1991) , such as that used in the current study, has not 21 previously been examined, and therefore warrants a thorough comparison and discussion. 22
The whisker-evoked SEP response is comprised of four individual peak responses, 23 alternating between positive and negative -P1, N1, P2 and N2 -and are typical 24 2001). This theory is supported by the current findings as the VSD enters the 11 hyperpolarisation phase as the P2 peak is reached and is maintained throughout the N2 12
response (e.g. figure 4A&D ; also see inset of D). The cortical region undergoing 13 hyperpolarisation is also quite extensive (e.g. figure 6A ), despite exhibiting a smaller 14 amplitude than that observed in the depolarisation phase (e.g. figure 4D ; as also found in 15 (Takashima et al., 2001) ). 16 
17
Optical imaging techniques extend electrophysiological recording approaches by 18 providing spatial information that traditional single electrodes cannot, i.e. data from 19 wider cortical regions that are able to give a more faithful read-out of the collective 20 activity that constitutes a neuronal assembly. Our data demonstrate that the evoked 21 optical response was initially restricted to a single barrel (figures 6 & 7) and then spread 22
to encompass the entire barrel field, before the cortex underwent an extensive and 23 Another observation from the data in this study was that, despite a reduction in the 4 amplitude of sensory-evoked responses at deeper levels of anaesthesia, the overall 5 duration of the response, i.e. the time taken for activity to cross baseline, was prolonged 6 (figure 4D&E). Such sustained activity has also been recorded during the 'silent' periods 7 of level III-3 anaesthesia ('down' states) (Toth et al., 2008) and could be a result of 8 reduced inhibitory drive from supragranular and infragranular populations (see above) or 9 of reduced inhibition of VPM cells by the reticular nucleus (Nicolelis & Fanselow, 2002) . 10 We have previously shown in vitro that a diverse range of disparate anaesthetics also 11 prolong activity in assembly activity evoked from the hippocampus CA1 region (Collins 12 et al., 2007) , a property that proved to be specific to anaesthetic agents per se and not to 13 other psychoactive substances, including other CNS depressants. Such prolongation of 14 activity may partially serve to slow down or block incoming sensory information, and 15 underlie the lack of sensory awareness experienced during general anaesthesia. This 16 scenario is the opposite effect to that observed during the contrary state of cortical arousal 17 (Nicolelis & Fanselow, 2002; Castro-Alamancos, 2004) in which the overall duration of 18 the evoked response is reduced to optimise the processing of fast, discrete sensory 19 stimuli, such as that commonly received from the whiskers while a rodent is actively 20 palpating an object (Carvell & Simons, 1990) . of the SEP response (N2 and P2). There is currently an incomplete understanding of the 7 underlying circuitry that is responsible for this activity (see above) but its abolition could 8 result from weakening of sensory responses earlier in the cortical response sequence. 9
There were also marked changes in the absolute amplitude of the depolarisation phase of 10 the optical responses, yet the shape of the evoked response at this time remained constant 11 between different levels of anaesthesia ( figure 8C) . In other words, in relation to the 12 central barrel, activity in surrounding barrels remained constant throughout different 13 levels of anaesthesia. Alternatively, by extension, if the external world were indeed 14 represented as a population code, rather than via rate or temporal coding mechanisms, as 15 recent reports suggest (Harris, 2005) , the current findings would indicate an identical 16 functional representation of the whisker stimulus in different levels of anaesthesia. 17
18
That the intrinsic response pattern is unchanged across anaesthetic levels is reassuring for 19 technical reasons as anaesthetic 'drift' within experimental recording periods, as well as 20 differences in anaesthetic depth between animals, is an often unavoidable occurrence 21 during in vivo studies (Angel et al., 1976; Angel, 1991) . Consequently, though it is 22
currently somewhat difficult to resolve the differences in response parameters between 23 F o r P e e r R e v i e w 26 different anaesthetic agents (Rojas et al., 2006 ), it appears as though the potential 1 confound that a fluctuating response shape might introduce to data can be ignored (at 2 least with the common anaesthetic agent used in the current study, urethane). This is 3 especially relevant to imaging studies that aim to investigate intracortical signal The results presented here are in agreement with previous studies, predominantly using 9 electrophysiology, that have demonstrated state-dependent changes in the temporal 10 profiles (amplitudes) of sensory-evoked responses, but the new finding here relates to the 11 spatial features revealed by optical imaging. Firstly, we observed an interesting effect 12 whereby responses are prolonged under successively deeper levels of anaesthesia. As this 13 latter effect has also been recorded in isolated in vitro preparations, and in different brain 14 structures, we speculate that response prolongation may be a more common effect of 15 anaesthesia and, in doing so, may sustain the brain in a state in which it remains 16 unresponsive to incoming sensory information. Secondly, we were able to show that the 17 reduction in amplitude of the assembly, during this period, did not change its relative 18 intrinsic pattern of activity. Though the data presented here provide mere clues as to the 19 action of anaesthetics on the brain, given the importance of network states in a variety of 20 neural functions, especially those that involve states of arousal (Cariani, 2000 Figure 8 . Three-dimensional shape of response and location with respect to anatomically-defined barrels. A: activation profile at 4 ms post-stimulus onset from a single animal to show the concordance with the C2 barrel (during light anaesthesia); colormap represents percentage change in the optical signal. B: tangential section of barrel cortex layer IV stained for cytochrome oxidase reactivity; C-F: VSDI response shape at four time points for at each anaesthetic level. Plots produced by locating the pixel with maximum activation in each animal, bisecting the image in two dimensions across this pixel (vertical and horizontal) and averaging the resultant vectors to provide an outline of the shape of the assembly, from centre to periphery (L to R). Error bars represent standard error of the mean (n=7). Scale bar = 500 µm. 287x238mm (150 x 150 DPI)
